The effects of ferrite grain size on dynamic tensile properties of low carbon steels with various chemical compositions are shown. The strain rate dependence of flow stress, represented by the difference between flow stresses at high and low strain rates, ¦·, was the highest in the interstitial free (IF) steel having ferrite single-phase microstructure and the 0.1% C-steel having ferritecementite (FC) microstructure. The ¦· decreased when P and Mn were added. In all the steels used, the ¦· was almost constant or decreased only slightly when the ferrite grains were refined down to 24 µm, and it decreased significantly by further grain refinement down to sub-micrometer region. The FC and ferrite singlephase microstructures strengthened mainly by grain refinement of ferrite showed higher dynamic absorbed energy compared with the other steels strengthened by alloy addition.
Introduction
High strength steels (HSS) 1, 2) have been widely applied to automobile bodies, for improving their crash worthiness. The strength of materials at high strain rates around 10 3 s
¹1
closely relates to the performance of automobile bodies in cases of collisions. Generally the strength of steels increases as the strain rate increases. 3, 4) But the increase in strength at high strain rates becomes smaller when the steels are strengthened by adding alloy elements or introducing hard phases. 4) Recently, some studies on dynamic deformation (deformation at very high strain rate around 10 3 s ¹1 ) of ultrafine grained iron or steels showed that the difference between flow stresses at high and low strain rates, ¦·, did not decrease so much when the steels are strengthened mainly by grain refinement. 58) However in these studies, 58 ) flow stresses at certain strains were mainly discussed, and the shape of stressstrain (ss) curves was not discussed in detail. In addition, the effect of alloy elements on the flow stress at high strain rates was not discussed.
The purpose of this study is to investigate and discuss the grain size effect on dynamic tensile properties in low-C steels with various chemical compositions. Various kinds of low-C steels with ferritecementite (FC) and ferrite single-phase microstructures, having various ferrite grain sizes and alloy contents are prepared. Tensile tests at various strain rates are carried out by the use of a servo-hydraulic material test system. Stressstrain curves and other mechanical data at a wide range of strain rates are shown and discussed. Table 1 summarizes the chemical compositions of the steels used in this study. The steel A is a low-C steel prepared for fabricating FC microstructures with various ferrite grain sizes from sub-micrometer to micrometer region. A new and simple route composed of rolling and annealing of a duplex microstructure 7, 9) was applied to the steel A. Steel ingots prepared by vacuum melting was hot-rolled in austenite region, air-cooled to 540°C corresponding to the intercritical region of ferrite and austenite, and then water-cooled to room temperature for obtaining a duplex microstructure of ferrite and martensite. The hot-rolled sheets having a thickness of 6.8 mm were cold-rolled by 91% reduction to a thickness of 0.6 mm at room temperature with lubrication. Then, two kinds of annealing procedures were applied in order to obtain FC microstructures with various ferrite grain sizes. One was a short-time annealing using a salt bath for fabricating FC microstructures with relatively fine ferrite grain sizes. The other was a long-time annealing with an electric furnace for fabricating coarse-grained microstructures. The cold-rolling and annealing conditions are summarized in Table 2 . In the short-time annealing with a salt bath, the specimens were annealed at various temperatures ranging from 620 to 680°C, which are below the A c1 of the steel, for 120 s and then watercooled to room temperature. In the long-time annealing with an electric furnace, the cold-rolled specimens were annealed at 650°C for 57.6 ks (16 h) in N 2 atmosphere, and then aircooled to room temperature.
Experimental Procedure

Fabrication of materials with various microstructures
Three kinds of IF steels, steels B, C and D with various amounts of P and Mn were also prepared. As listed in Table 1 , the steel B is a plain IF steel. The steel C contained Phosphorous additionally (IF-P steel), and the steel D (IFPMn steel) contained higher amount of Manganese than the steel C. The accumulative roll bonding (ARB) 10) and Table 1 Chemical compositions (mass%) of the steels used. subsequent annealing were applied to these steels for fabricating ultrafine grained structures. The as-received sheets of the steel B had a thickness of 1 mm. Two sheets with a width of 30 mm and a length of 300 mm were stacked, heated at 500°C for 1.8 ks and then roll-bonded by one pass 50% reduction without lubrication, which was one cycle of the ARB process. This process was repeated up to five times (five cycles of ARB) corresponding to an equivalent strain of 4.0. The as-received sheets of the steel C and D had thicknesses of 0.8 and 0.9 mm, respectively. First, four sheets with a width of 50 mm and a length of 300 mm were stacked to be a 3.2 or 3.6 mm thickness, heated at 200°C for 300 s and then roll-bonded by one pass 50% reduction without lubrication. After that, the 50% roll-bonded sheets having thickness of 1.6 or 1.8 mm were cut, stacked be a 3.2 or 3.6 mm thickness and then roll-bonded by 50% reduction. This two-stacked roll-bonding was repeated for two times, and finally cold-rolled by multi-passes to the initial thicknesses, i.e., 0.8 or 0.9 mm. The total reduction in thickness through the process was 93.75% (equivalent strain of 3.2), which was nearly equivalent to four cycles of ARB. The ARB processed sheets were annealed at various temperatures between 600 and 700°C for 1.8 ks in order to change the ferrite grain sizes.
Microstructure and tensile properties
Microstructural observations were carried out by using scanning electron microscopy (SEM). All the specimens were etched with a 3% nital and observed from the transverse direction (TD) of the sheets. The SEM observations were conducted using Hitachi S-4300E/N SEM operated at 15 kV. For evaluating the ferrite grain size, mean intersection method was employed. Lines parallel to the normal direction (ND) and those parallel to the rolling direction (RD) were drawn on the SEM micrographs, and the intersection lengths of ferrite grains on the lines along both directions were measured and averaged.
Tensile properties were investigated using a servohydraulic material test system, which is so-called loadsensing block 11) type equipment. The special load-sensing block absorbs the shock wave in high-speed deformation effectively, and enables a systematic investigation at various strain rates using one kind of specimen. Details of the loadsensing block are shown in the references. 11, 12) The tensile specimens had a gauge section 2 mm in width and 6 mm in length, and two shoulder sections. The one end of the specimen was fixed to the load-sensing bock by a steel pin, and the other end was fixed to a movable jig. Tensile direction was parallel to RD of the sheets. Tensile load was applied through hitting the movable jig by a loading block. The strain was calculated by using the displacement of the movable jig measured by a magnetic reluctant type position sensor. Tensile tests were carried out at various strain rates ranging from 10 ¹2 to 10 3 s ¹1 at room temperature. Figure 1 shows typical examples of the FC microstructures composed of ferrite matrix and finely dispersed cementite, fabricated using the steel A. The mean ferrite grain sizes of the specimens shown in Figs. 1(a), 1(b) and 1(c) are 0.62, 1.1 and 2.6 µm, respectively. Hereafter, the terms "ultrafine grained (UFG)", "fine grained (FG)" and "coarse grained (CG)" correspond to the grains smaller than 1 µm, having 12 µm mean grain size, and larger than 2 µm, respectively.
Results and Discussion
The steel A with FC microstructures
Next, stressstrain curves at various strain rates are shown. Hereafter, if exact values of strain rates are not indicated, the terms "dynamic" and "quasi-static" correspond to the strain rates of 10 3 and 10 ¹2 s
¹1
, respectively. Figure 2 shows nominal stressstrain curves of the FC specimens shown in Fig. 1 at various strain rates ranging from 10 ¹2 to 10 3 s ¹1 . At the strain rate of 10 ¹2 s ¹1 , the CG specimen ( Fig. 2 (c)) showed typical stressstrain curves of carbon steels with yield drop and Lüders elongation. As the grain size decreased down to around 1 µm ( Fig. 2(b) ), the yield strength increased and the degree of work hardening decreased. Significant increase in the yield stress followed by stress drop after the yielding was observed in the UFG specimen ( Fig. 2(a) ). This is because of the onset of necking in the tensile specimens at early stage of deformation due to high yield and flow stresses. As the strain rate increased up to 10 3 s
, the yield stress significantly increased, and the work hardening disappeared in all the specimens in Fig. 2 . It should be noted that the shapes of the stressstrain curves of the UFG specimens were almost the same regardless of the strain rate ( Fig. 2(a) ), while the shapes changed depending on the strain rate in the FG/CG specimens (Figs. 2(b) and 2(c)).
Next, the HallPetch (HP) relationships 13, 14) for the Steel A are shown. Figure 3 shows the yield stress and average flow stress at 5% strain, · 5 , at the strain rates of 10 ¹2 and 10 3 s ¹1 as a function of inverse square root of the mean ferrite grain size. As the yield stress, lower yield stress, · Ly , and 0.2% offset stress, · 0.2 , were taken. The · Ly was taken only for the FG/CG specimens deformed at 10 ¹2 s ¹1 because the lower yield stress was unclear in other specimens and strain rates. Additionally, the · Ly of two low-C steels in previous studies are plotted. One is the · Ly of a 0.1 mass% Csteel by Armstrong et al., 15) and the other is that of a 0.09 mass% C-steel shown in the report by Morrison. 16) The straight line in the figure, represented by · = 78 + 570d ¹1/2 , corresponds to the HP relationship obtained using the data for the 0.09 mass% C-steel by Morrison. 16)
The · Ly of the present Steel A with FC microstructure at quasi-static strain rate (10 ¹2 s ¹1 ) was close to the values expected from the conventional HP relationship by Morrison. The · 0.2 at quasi-static strain rate was also close to this line at grain sizes larger than 1 µm, while it was slightly higher than the Morrison's line in sub-micrometer region. The reason of this slight increase in the · 0.2 in submicrometer region has not been clarified yet. At the strain rate of 10 3 s ¹1 , the · 0.2 roughly held the HP relationship. The slope of the HP relationship in dynamic deformation (10 3 s
) seemed almost the same as that for the quasi-static deformation (10 ¹2 s
). The flow stress at 5% strain (· 5 ) held the HP relationship ( Fig. 3(b) ), but the extra hardening in sub-micrometer region, which was observed in Fig. 3(a) , was not observed. In addition, the slope for the data in dynamic deformation was slightly smaller than that in quasi-static deformation. This result affects the strain rate dependence of flow stress, which will be discussed later.
Ferrite single phase microstructures with various
alloy elements Three kinds of IF steels provided ferrite single phase microstructures with various grain sizes. Table 2 summarizes the obtained microstructures and ferrite grain sizes. As typical examples, UFG and CG ferrite single-phase microstructures in the steel D (IF-PMn steel) are shown in Fig. 4 . Figure 4 (a) is a microstructure of the specimen ARBprocessed and annealed at 600°C resulting in a mean ferrite grain size of 0.98 µm, while Fig. 4(b) represents a microstructure of the as-received sheet with a mean ferrite grain size of 7.2 µm. Actually, slight amount of precipitates such as FeTiP 17) might exist in the steels C and D. But those precipitates were not observed clearly by SEM observation.
The stressstrain curves at various strain rates of the plain IF steel (the steel B) have been shown in the previous study, 8) so that typical stressstrain curves of the specimens prepared using the steels C (IF-P steel) and D (IF-PMn steel) are (Fig. 5(b) ) showed typical stressstrain curves of IF steels in quasi-static deformation which is characterized by "continuous yielding" without yield drop. By the grain refinement, the yield stress increased and the degree of work hardening decreased, but still showed the continuous yielding in the stressstrain curve ( Fig. 5(a) ). As the strain rate increased, the yield drop appeared and the degree of work hardening significantly decreased in both UFG and CG specimens.
Figures 5(c) and 5(d) show the stressstrain curves of the steel D specimens with mean ferrite grain sizes of 0.98 and 7.2 µm, respectively. The yield and tensile strengths increased compared with the steel C mainly due to the higher Mn content. The difference between the flow stresses at high and low strain rates seemed smaller than that in the steel C. The shapes of the stressstrain curves at 10 ¹2 s ¹1 were similar to that in the steel C, that is, the continuous yielding followed by work hardening. On the other hand, the work hardening still remained even at high strain rates in the steel D.
3.3 Strain rate dependence of flow stress in various steels It was shown in the previous sections that the strain rate dependence of flow stress was different among the steels used in the present study. In this section, this behavior is discussed more quantitatively. For evaluating the effect of strain rate on the strength of materials, two indexes are generally used. One is the strain rate sensitivity, m, which is determined as:
where · s and · d are flow stresses at low and high strain rates, respectively, and _ ¾ s and _ ¾ d are low and high strain rates, respectively. The other is the increase in flow stress between low and high strain rates, ¦·, determined as:
The ¦· directly indicates the difference between flow stresses at dynamic and quasi-static strain rates. It has been already reported that the m-value decreases by grain refinement in bcc metals including Fe. 5, 18, 19) In the present study, the m-values of the steel A specimens having FC microstructures were analyzed first, and it was confirmed that the m-value significantly decreased by grain refinement. This result was consistent with the previous studies. 5, 18, 19) By the way, the difference in flow stress, ¦·, is more convenient and practical in automobile body design and management of crash worthiness. Therefore ¦· is mainly used for discussions hereafter. Figure 6 shows the relationship between flow stress and strain rate in representative steels having various chemical compositions. Data for the specimens having ferrite grain sizes around 1 µm were chosen and plotted. The flow stress was represented by the average stress at nominal strains from 3 to 7%, for minimizing the effect of the oscillations in the stressstrain curves at high strain rates. It was confirmed in the stressstrain curves at low strain rates that the average flow stress at 3 to 7% strain roughly corresponded to the flow stress at 5% strain. The strain rate dependence seemed different among the steels. The steel A having FC microstructure and the steel B (plain IF steel) having ferrite single phase microstructure showed higher strain rate dependence, and that in the steels C (IF-P steel) and D (IF-PMn steel) seemed lower. Figure 7 shows the difference between flow stresses at the strain rates of 10 ¹2 and 10 3 s ¹1 , ¦·, as a function of the mean ferrite grain size. Hereafter, the ¦· is also represented by the difference in the average flow stress at 3 to 7% strain. It is shown in Fig. 7 that the ¦· of the steel A with FC microstructures decreased as the ferrite grain was refined from 2.6 µm to sub-micrometer region. The steel B provided the data in a larger range of ferrite grain sizes. The ¦· of the steel B (plain IF steel) was almost constant at the grain sizes from 2 to 13 µm. It gradually decreased by grain refinement down to 1 µm. The ¦· values of the steels A and B were close to each other. Basically the high strain rate dependence of flow stress in bcc metals is caused by the high temperature (or strain rate) dependence of Peierls stress for screw dislocations. This nature was kept by grain refinement at the grain sizes above around 2 µm.
The slight decrease in ¦· by ultra grain refinement in an IF steel, that was same as the steel B, has been pointed out by the authors. 8) In the previous study, 8) it was suggested that the decrease in ¦· was related to the difference in dislocation substructures formed by tensile deformation, between coarse and ultrafine microstructures. The difference in deformation behaviors may be reflected by the stressstrain curves. As was shown in Fig. 2(c) , the CG-FC microstructure showed significant degree of work hardening at quasi-static strain rate, while high yield strength without work hardening was confirmed at high strain rates. On the other hand, the UFG-FC microstructure exhibited the stressstrain curves without work hardening at all the strain rates ( Fig. 2(a) ). Consequently the ¦· was higher in the CG specimens than in the UFG specimens.
Previous studies by other authors on dynamic deformation behaviors of pure iron 4) and 0.15 mass%-C steel 5) have shown almost constant ¦· regardless of ferrite grain size. Jia et al. 5) reported almost constant ¦· in compression of pure iron having ferrite grain sizes ranging from 0.27 to 20 µm. However, it is difficult to compare their results with the present data, because compression test was applied in the study by Jia et al.
5)
Tsuchida et al. 6) also showed the constant ¦· in tensile deformation of a low-C steel with FC microstructure. In their study, the carbon content was 0.15 mass%, which is slightly higher than that in the present study. The ¦· values at 7% strain in their study, that were originally indicated in true stress and translated to nominal stress here, were 150 155 MPa. The ¦· was almost constant regardless of ferrite grain size in their report, 6) but slightly smaller than those in the CG specimens of the steel A in the present study (see Fig. 7 ). Probably the difference between the data by Tsuchida et al. 6) and those in the present study is due to the difference in carbon content, in other words, amount of cementite in the microstructure. Actually work hardening was observed in the UFG specimens by Tsuchida et al., 6) while not observed in the present steel A (Fig. 2(a) ). The difference in tensile behaviors due to carbon content may affect the strain rate dependence of flow stress.
Additionally, the present result suggests that the amount of cementite in FC microstructures affects the strain rate dependence of flow stress. Possibly the ¦· decreases furthermore by increasing the carbon content (amount of cementite) in FC microstructures.
Next, the effect of alloy addition is shown. Figure 7 shows that the ¦· slightly decreased at all the ferrite grain sizes when P was added to the plain IF steel (the steel C). As was Fig. 6 Relationship between average flow stress at 3 to 7% strain and strain rate in the specimens having various chemical compositions. shown in Figs. 5(a) and 5(b) , the change in the shapes of the stressstrain curves from work-hardening type to non-work hardening one by increasing the strain rate was observed in the steel C. This tendency was the same as the steel A with FC microstructure, but the ¦· in the steel C was clearly smaller than that in the steel A, as was shown in Fig. 7 . Therefore it can be concluded that the P addition decreased the strain rate dependence of flow stress, ¦·.
In Fig. 7 , it is also shown that the steel D had the smallest ¦· at all the ferrite grain sizes. It meant that the addition of Mn decreased the ¦· furthermore. The effect of ferrite grain size in the steel D specimens was similar to those in the steels A, B and C. However, as was shown in Figs. 5(c) and 5(d), the both UFG and CG specimens of the steel D showed significant work hardening at all the strain rates. The transition of the shapes of the stressstrain curves was not clearly observed. This was slightly different from the steels A, B and C. The result suggests that the grain refinement itself decreased the strain rate dependence in the steel D.
According to the classification of mechanical behavior of polycrystalline materials by Cock, 20) in metals with submicrometer grains, lattice dislocation slip is dominant but their movement is controlled by grain boundaries that act as sources and sinks of dislocations. It is not clear if this description can be applied to the present UFG specimen of the steel D, but it can be supposed that a certain change in deformation mechanism at sub-micrometer grain sizes affects the strain rate dependence of flow stress.
Absorbed energy of the steels having various ferrite
grain sizes Finally, absorbed energy of the present materials at high strain rates is discussed. The dynamic absorbed energy is one of the important properties for automobile body materials, when considering the crash worthiness of automobiles. Figure 8 shows the absorbed energy of the tensile specimens at a strain rate of 10 3 s ¹1 as a function of the quasi-static tensile strength at 10 ¹2 s
¹1
. For evaluating the absorbed energy, the integrated area on load-displacement curves up to a nominal strain of 7% was calculated and divided by the volume of gauge section. The reason why we chose the strain of 7% is described briefly. For evaluating the crash worthiness of materials aiming for automobile body frame parts, an axial collapse test of hollow column is generally applied. For example, hollow columns are prepared using a sheet material by stamping and welding, and deformed through axial direction of the columns by hitting a weight at high velocities of several tens of kilometers per hour. Sato et al. 21) have carried out a numerical simulation for the axial collapse of hollow columns made of high strength steel sheets, and have shown that the strain at the buckling regions of the columns were only 5 to 9%. Therefore in this study, the absorbed energy up to 7% strain was evaluated.
As shown in Fig. 8 , the steel A with FC microstructure and the steel B with ferrite single phase microstructure showed higher dynamic absorbed energy than other steels. The steel D had the lowest absorbed energies, and the steel C had intermediate ones. In addition, data for a low-C steel having dual-phase (DP) microstructure composed of ferrite matrix and martensite 8) is plotted in Fig. 8 . This material, fabricated using a low-C steel having the same chemical composition as the steel A, had a ferrite grain size of 1.1 µm and a martensite volume fraction of 14%. The low-C DP steel had lower absorbed energy than the steel A with FC microstructures.
The present results indicate that the steels A and B have higher ability of energy absorption at high strain rates, compared with other steels having the same quasi-static tensile strength as the steels A and B. For example, if we look at the specimens having quasi-static tensile strengths of around 700 MPa, the steel A specimen had higher dynamic absorbed energy than the steel D specimen.
Actually we have confirmed in our previous study 22) that hollow columns made of the UFG-FC steels showed higher absorbed energy in dynamic axial collapse tests compared with a conventional high strength steels having similar quasistatic tensile strength. Therefore, the steels strengthened mainly by grain refinement are expected to show better crash worthiness than conventional high strength steels strengthened by addition of alloy elements, precipitates or hard phases, when applied to automobile body frames.
On the other hand, the UFG microstructures showed poor uniform elongation, as shown in Fig. 2(a) . This is due to the lack of work hardening in the sub-micrometer ferrite singlephase or FC microstructures. When considering the application of fine-grained steels to automobile bodies through stamping, adequate uniform elongation is required. One potential way is an introduction of hard phases keeping the UFG matrix, but the decrease in the strain rate dependence is also expected, as has been shown in the present study. Therefore, to design the best balance of formability and dynamic strength is necessary to apply the UFG steels to automobile body structures.
Conclusions
In the present study, the effects of ferrite grain size on quasi-static and dynamic tensile properties in low-carbon steels with various chemical compositions were shown. The obtained results are summarized below.
(1) The 0.1% C-steel with coarse-grained FC microstructure showed typical stressstrain curves of carbon steels with yield drop and Lüders elongation in quasi-static deformation. By grain refinement, the yield stress increased and the degree or work hardening decreased. As the strain rate increased up to 10 3 s ¹1 , the yield stress significantly increased and the work hardening disappeared in all the specimens tested in this study. ( 2) The 0.1% C-steel with FC microstructure and plain IF steel with ferrite single phase had the highest strain rate dependence of flow stress, ¦·, among various steels tested in this study. The behaviors of the 0.1% C-steel and the plain IF steel were not so different, in spite of different carbon contents. The ¦· did not change so much when the ferrite grain size decreased down to around 2 µm, and then decreased as the ferrite grains were furthermore refined down to sub-micrometer region. The decrease in the ¦· seemed to be related to the change in the shapes of the stressstrain curves from work-hardening type to non-work hardening one by grain refinement. (3) By addition of P and Mn to the plain IF steel keeping the ferrite single phase microstructure, the quasi-static yield and tensile strengths increased depending on the additional alloy contents. On the other hand, the ¦· decreased when the amounts of P and Mn increased. The effect of ferrite grain size in the P or P-Mn added IF steels was almost the same as that in the 0.1% Csteel with FC microstructure and the plain IF steel. The P-Mn added IF steel always showed significant work hardening at all the ferrite grain sizes and strain rates tested in this study, which was different from other steels. (4) The plain IF steel with ferrite single phase showed higher absorbed energy at high strain rates, compared with the P or P-Mn added IF steels having the same quasi-static tensile strengths. The 0.1% C-steel with FC microstructure also had higher absorbed energy at high strain rates than the low-C dual-phase steel previously reported. It is indicated that the steels strengthened mainly by ferrite grain refinement have higher ability of crash energy absorption than other steels having the same quasi-static strength. Therefore the UFG steels are expected to be one of future materials for automobile body structures.
